One of the remarkable abilities of the visual system in animals with frontally-positioned eyes is binocular depth perception. Because each eye has a slightly different view of external space, the images in the left and right eyes are displaced by a small amount relative to each other. This displacement, or retinal disparity, is the necessary and sufficient condition for stereopsis. By this process, twodimensional images on left and right retinas are perceptually fused to provide a three-dimensional view. This view is extremely precise and allows for the discrimination of very fine differences in relative depth.
How is binocular depth discrimination encoded and processed in the brain? The idea put forward over three decades ago is that neurons in primary visual cortex are selective for different distances [1] . This notion was given a major impetus by pioneering studies of Poggio and collaborators [2] on alert behaving monkeys trained to fixate at a given distance, while recordings were made from neurons in primary (V1) and secondary (V2) areas of the visual cortex. This work established clearly that neurons in visual cortex do respond selectively to objects at different depths in space relative to the observer.
The mechanisms by which this information is recorded and processed were generally not considered in the early studies. It was assumed that positional offsets between the receptive fields in each eye -the territories in visual space within which one can influence the activity of a single neuron or fiber -are shifted to signal different depths. More recently, an alternative encoding notion, consistent with a substantial body of experimental evidence, has been put forward. In this scheme, differences in the internal structure of the receptive fields of left and right eyes, expressed in terms of spatial and temporal phase, may be used to encode relative depth [3, 4] .
All the work referred to above was carried out with the striate (V1) or parastriate (V2) cortex. However, the cerebral cortex contains many other regions devoted to vision, one of which, the middle temporal (MT) cortex in primates, has been studied extensively. This area appears to play a central role in the analysis of motion in visual space [5] . Considered alone, motion perception is accomplished by integrating local signals of movement that must be differentiated from adjacent regions of visual space. It must allow for changes in object velocity relative to the background, and it must also accommodate the alteration in view that results from movement of the observer. Experimental evidence suggests that there is both an integration of perceived motion stimuli and a differentiation that results in segmentation of the visual scene on the basis of motion [6] .
The detection and analysis of motion may also be required in conjunction with the perception of three-dimensional structure. This can be a complicated demand. Consider the case of a sea gull searching for prey in coastal waters. The relative motion between the gull and the water is continually changing with flight patterns and wind conditions. The surf may be choppy and the gull must detect a fish beneath the surface swimming in possibly erratic patterns. As the gull begins to dive, it must alter its flight path as the fish changes direction and it must compute the difference in refractive index between water and air in order to correctly locate and catch the fish at its current depth. There are certainly monocular clues to enable computation of the correct depth, and it is not clear if binocular vision is involved. In any case, the sensory, motor and neural processes by which this pattern is achieved are quite extraordinary.
There are other cases in which motion detection and processing must be integrated with that of stereopsis, and so must involve binocular vision. Andersen and colleagues have been seeking information on this and related questions for more than a decade. In an early study [7] , experiments were conducted in which monkeys were trained to discriminate the change from unstructured to structured motion. A computer-generated display was used in which points on a rotating cylinder were projected onto a plane orthogonal to the observer's line of sight, so as to produce a structured or, by randomly shuffling dot position, an unstructured display. As the degree of structure was diminished, there was a clear and nearly monotonic decrease in detection of an 'illusory' rotating cylinder.
For comparison, human subjects were trained to perform the same task. All the subjects -three monkeys and three humans -were able to detect, with very high accuracy, the transition from totally unstructured to completely structured motion. Furthermore, both primate species exhibited similar 'psychometric' functions, which relate the dependence of detection to the degree of structure in the display. An important control experiment was done in which the display was masked so that only a small central area was visible. In this condition, subjects were unable to perform the task, suggesting that a certain minimum number of points in the display was needed. The implication is that local changes in relative speed are not adequate for the discrimination. As practice effects are known to be very important in some psychophysical tasks, it would be of interest to determine how these functions are affected by repeated measurements.
These experiments provided a means to study the detection of three-dimensional structure from moving visual stimuli. The next task was to determine some parameters of the interaction of three-dimensional depth processing and motion. To do this, Bradley et al. [8] recorded from neurons in MT, an area that, as noted above, contains motion-sensitive neurons that are mainly direction-selective [5] . Cells in MT also exhibit binocular interactions. In the original study of MT with anesthetized and paralyzed animals, however, the neurons were just as responsive to vertical disparitieswhich are of minor consequence in stereopsis -as to horizontal disparities [5] . Furthermore, cells were not selective to changes in disparity induced by motion toward or away from the animal -that is, motion-in-depth [5] . The more recent work of Bradley et al. [8] used awake, behaving monkeys, with rather different results.
Bradley et al. [8] trained monkeys to fixate a small light while stimuli were presented at specific locations in the visual field. Recordings were made from neurons in MT, and their receptive-field characteristics were determined. Effects on disparity tuning were investigated using patterns of stimuli that provided motion signals in different directions. Within a given MT receptive field, motion signals are often mutually inhibitory if the stimuli move with different directions. Objects moving in different directions in a given part of the visual field may also inhibit responses to each other enough to prevent detection. Bradley et al. [8] explored the extent of this inhibition with visual patterns presented at different binocular disparities.
For a given MT neuron, Bradley et al. [8] first determined its preferred direction of movement of a pattern of dots. Then they presented the dots in the preferred direction at different retinal disparities to obtain a disparity-tuning function for the cell. Next, to determine the effect of binocular disparity on motion-opponent inhibition, two superimposed patterns of dots were presented that moved in opposite directions. In this case, a disparity-tuning function was obtained for the pattern of dots moving opposite to the preferred direction -that is, the anti-preferred pattern. Finally, a third stimulus was used in which two neighboring patterns of dots moved in opposite directions. As in the previous case, a disparity-tuning function was determined for the antipreferred pattern.
Bradley et al. [8] found varying degrees of suppression for opposite direction stimuli. In general, the disparity-tuning curves for patterns moving in preferred directions were approximately opposite to those for the non-preferred directions, for both superimposed and adjacent patterns. With opposite direction stimuli, suppression of the response varies with relative disparity and is greatest when disparities of the two patterns are the same. These results indicate that motion-opponent inhibition is most likely to occur in MT when the motion signals arise from similar stereoscopic depths. Thus, binocular disparity in MT may facilitate velocity processing
In their most recent extension of this work, Bradley et al. [9] considered the perception of three-dimensional R762 Current Biology, Vol 8 No 21
Figure 1
The experimental setup used by Bradley et al. [9] for studying the role of MT cells in the perception of structure-from-motion. A computer is used to generate a set of dots that move in one or other of two opposite directions and are the equivalent to the image produced when the dots moving on the surface of the transparent revolving cylinder shown on the right are projected onto a twodimensional screen. Even though the dots lie on a flat plane -that is, without binocular disparity -this stimulus causes the impression that one set of moving dots is in front and the other behind -that is, there is a surface order to the moving dots. The monkey's behavioral task is to report the direction of the front surface, which indicates their three-dimensional perception.
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Current Biology structure-from-motion. There are many cues, both monocular and binocular, for depth perception. As mentioned earlier, object motion provides a particularly effective cue to three-dimension shape. An irregularly bent object lying on a surface may appear flat when viewed from above, but rotation of the object can result in a pronounced three-dimensional perception. This structurefrom-motion effect was studied by Bradley et al. [9] in awake, behaving monkeys trained to fixate a point while viewing special visual displays. Recordings were made from neurons in MT, while the monkeys viewed twodimensional patterns projected from three-dimensional revolving cylinders.
The experimental setup is shown in Figure 1 . The monkey views a screen on which a pattern of moving dots is projected. The rotating cylinder that produces the dots is transparent and contains random dots. The dot patterns on the two-dimensional screen move in opposite directions. There is a sense of depth in this pattern, as dots moving in one direction appear to be in front of, or behind, those moving in the opposite direction. Monkeys were trained to report the direction of the dots on the surface that appeared to them to be in front, by looking at one of two targets on the side of the cylinder.
Although the projection of the cylinder dot patterns is two-dimensional, a sense of depth is perceived by the monkeys as one set of dots is seen to be in front of the other. The monkey's response thus indicates that it perceives the stimulus as three-dimensional. The rotating cylinders could be presented in such a way that the dot patterns moving in one direction are perceived to be separated by varying depths from those moving in the opposite direction. In general, the data obtained indicate that the monkeys' judgement of surface order, back or front, improved with increasing disparity (depth information).
The behavioral data were combined with simultaneous single-cell studies of the responses of MT neurons. Moving dots were oriented so that one set moved in the neuron's preferred direction and the other set moved in the opposite direction. In other words, a given surface moved in the neuron's preferred direction. A schematic illustration of a typical MT cell response, along with the inferred perception of the monkey based on the behavioral observations, is shown in Figure 2 . As around a third of the cells in MT respond selectively to near or far locations relative to the fixation point [5] , one of the two surface orders should be optimal for about one-third of the cells. However, a surprisingly large number of MT cells, around two-thirds of the sample, responded significantly better to patterns where the dots moving in opposite directions were separated by the largest disparity. Neuronal responses also tended to correlate with the monkeys' perception of surface order -that is, whether the dots moving in the preferred direction appeared at the back or in front. In this case, responses were higher when the cell's preferred order was actually perceived by the monkey. This did not depend on whether there was a preference for dot movement in front or behind the fixation plane.
Although a number of details need to be worked out, we now know that the perception of structure is connected directly to the activity of MT neurons. MT may therefore be of prime importance for the perception of structurefrom-motion. This, of course, does not rule out other areas of the brain in which important aspects of this function could also occur. But this work nevertheless constitutes a Dispatch R763
Figure 2
The responses of neurons in MT are often connected to the perception of surface order. The stimuli depicted in (a) and (b) are nonprojected displays -the monkey views a real revolving transparent cylinder, so the dots have binocular disparities according to their position in depth. The cell's response is indicated on the left: this particular cell prefers motion in the up direction, with a disparity selectivity such that its response is vigorous when the cylinder front moves up (a), and weak when the front moves down (b). The cell's preference corresponds to the monkey's behavioral response. The projected dot stimulus in (c) and (d) is identical, except that it lacks disparity. This stimulus is inherently ambiguous, giving a bistable perception: it may be perceived as moving up (c) or down (d). The cell's preference (c) remains to some extent, however, even for this zero-disparity stimulus -the cell responds more strongly when the monkey reports he is perceiving motion in the direction in which, for the equivalent real revolving cyclinder, the dots moving in the cell's preferred direction would also have its preferred disparity. For tracks that are orthogonal to the surface, disparity tuning is generally constant. These data suggest strongly that disparity-tuned cells are organized into columns of preferred disparity. This same group has also shown that perceptual judgements of stereoscopic depth may be affected predictably by selective electrical microstimulation of MT disparity columns [10] . These results complement those of Bradley et al. [9] in establishing a clear role for MT in the encoding and processing of the threedimensional world.
